It has been hypothesized that changes in the marine biological pump caused a major portion of the glacial reduction of atmospheric carbon dioxide by 80 to 100 parts per million through increased iron fertilization of marine plankton, increased ocean nutrient content or utilization, or shifts in dominant plankton types. We analyze sedimentary records of marine productivity at the peak and the middle of the last glacial cycle and show that neither changes in nutrient utilization in the Southern Ocean nor shifts in plankton dominance explain the CO 2 drawdown. Iron fertilization and associated mechanisms can be responsible for no more than half the observed drawdown.
The causes of the 80-to 100-ppm atmospheric CO 2 fluctuations during glacial cycles remain elusive despite more than 20 years of research (1) . Oceanic processes must account for the observed 80-to 100-ppm drawdown, as well as an additional 10 to 45 ppm resulting from decreased terrestrial carbon storage during glacial periods compared with interglacial periods (2) . Current climate models are unable to reproduce the observed decrease in glacial atmospheric CO 2 using physical mechanisms alone (3), so changes in marine biology are often invoked as an additional mechanism to lower atmospheric CO 2 . One family of explanations invokes changes in the sequestration of carbon in the deep ocean and ocean sediments resulting from the sinking of marine plankton and its detritus because of (i) iron fertilization of marine biota from increased atmospheric dust deposition to the ocean (4) and subsequent redistribution of limiting nutrients (5), (ii) increases in the oceanic nutrient content or the carbon/nitrogen/phosphorus (C/N/P) ratio (6) , (iii) shifts in the dominant plankton types (7) , and (iv) increased carbon and nutrient utilization in surface waters due to increased stratification (particularly in polar oceans) (8) . Each of these processes is likely to affect specific oceanic regions and leave distinct imprints on the marine sediment record (Table  1) . Here, we describe the various processes by which the marine biological pump could have changed, identifying the oceanic regions they are likely to affect and the signature they would leave in marine sediments. We evaluate each process by examining the global reconstructions of marine activity archived in the paleoceanographic record.
Both the iron-fertilization and the increasednutrient hypotheses require an increase in export production, or the amount of carbon exported to the seafloor. According to the iron-fertilization hypothesis (4), an increased supply of iron-rich dust to the oceans during glacial periods could have alleviated the iron limitation observed in high-nutrient, low-chlorophyll (HNLC) regions. The process of iron fertilization has been observed to increase carbon fixation in surface waters today (9) (10) (11) (12) . Although these studies have not firmly established that iron fertilization increases export production, this process has been invoked as a means of increasing carbon flux to the deep ocean under conditions of high dust (4) . This would have the strongest impact on the North Pacific, equatorial Pacific, and Southern Oceans (Fig.  1 ) and would be observed as higher dustdeposition rates and increased carbon and biogenic fluxes to marine sediments.
The increased-nutrient hypothesis suggests that carbon fixation and removal from surface waters could increase if the nutrient content of the whole ocean were increased or if the amount of carbon fixed per unit of nitrate and phosphate were greater (6, 13) . This process was initially proposed to address nutrient limitation in warm low-to mid-latitude regions but would affect any oceanic region where nutrients are limiting ( Fig. 1 ) and would be observed as increased carbon and biogenic fluxes to marine sediments.
Although dictated by slightly different processes, the first two hypotheses both predict increases in export production. What does the sediment record show? Changes in export production have been inferred from the fluxes of specific biogenic components (organic carbon, biogenic opal, and alkenone biomarkers), from naturally occurring radionuclides ( 231 Pa and 10 Be), and from degradation products (barium, authigenic uranium, and/or cadmium) (14) . None of these indicators provides an unequivocal signal, because the relationship between productivity and flux is influenced by multiple environmental factors. We have adopted an approach that assumes that changes in any specific indicator reflect changes in export production if several other indicators imply the same change. Carbonate accumulation responds more strongly than other indicators to chemical feedbacks associated with changes in ocean carbonate chemistry, as well as being affected by preservation overprints associated with deepwater circulation (3). It is therefore excluded from our overall assessment of changes in export production. We assess the relative change in export production between different time intervals using a five-point scale (lower, slightly lower, no change, slightly higher, and higher) (15) . We evaluate the reliability of these qualitative assessments at each site on the basis of the quality of the age model and measurement methods, the number of sedimentary indicators, and the degree of consensus between them (15). We obtained estimates of the change in export production (i) between the last glacial maximum (LGM) (È18,000 to 22,000 years ago) and the late Holocene (about the last 5000 years, which we use to define the modern state) from 258 cores; (ii) between marine isotope stages 5a to 5d (stage 5a-d) (80,000 to 110,000 years ago) and the LGM from 83 cores; and (iii) between stage 5a-d and the late Holocene from 80 cores. Stage 5a-d is a period when atmospheric CO 2 levels were È50 ppm lower than late Holocene levels, but atmospheric dust deposition to the ocean was close to present-day levels (16-21) compared with the deposition rates observed during the LGM (22) , which were two to three times as high. Long time-series records of dust deposition to the ocean demonstrate that the relatively low dust influx was not only observed in the Vostok ice core (23) but also represented a global phenomenon ( fig. S1 ). Stage 5a-d therefore allows us to determine the impact of export production on atmospheric CO 2 in the absence of enhanced iron fertilization due to dust. We use the Holocene as an analog for the last interglacial period, stage 5e (130,000 to 115,000 years ago), assuming that Holocene conditions are representative of those that existed during stage 5e. We base this assumption on the fact that the change in external forcing (i.e., solar insolation) compared with the present was in the same direction during both periods (24) . As a result, many regional climate changes affected by seasonal and latitudinal insolation patterns are likely to have occurred during both periods. Furthermore, the Vostok ice-core record reveals that the past four interglacial periods experienced very similar atmospheric CO 2 levels (23). Thus, we assume that conditions of the global carbon cycle must have been similar from one interglacial period to the next to have produced such consistency among peak interglacial CO 2 levels.
Export production during stage 5a-d is lower than during the late Holocene in the western Pacific, the South Atlantic gyre, the eastern Atlantic, and the Southern (south of 50-S) Oceans (Fig. 2A) . The upwelling region in the eastern equatorial Atlantic and the present-day Antarctic Polar Front (APF) show slightly higher export production at stage 5a-d compared with the Late Holocene. These areas are relatively small and do not affect the overall picture that global export production was lower during stage 5a-d than during the late Holocene. Export production was globally higher during the LGM than during either stage 5a-d or the Late Holocene (Fig. 2 , B and C). Only the Southern Ocean, south of the modern-day APF, had lower export production at the LGM than in the late Holocene or stage 5a-d. The northwest Pacific, the subantarctic, and equatorial regions of the Atlantic and Indian Oceans were all characterized by increased export production at the LGM. Export production to the north of the modernday APF was higher during stage 5a-d than during the late Holocene, and this increase was further enhanced during the LGM. This suggests that changes in export production had already begun during stage 5a-d in the Mainly in regions dominated by coccolithophorid production today but a global shift expected.
Relative decrease in calcite-producing plankton; whole-ocean increase in carbonate preservation.
Silica leakage Mechanism by which the rain ratio could change. Iron-fertilized diatoms in the Southern Ocean take up less silicic acid relative to nitrate. The unused silicic acid is exported to silicon-limited regions, increases diatom production at the expense of coccolithophorids, and decreases the CaCO 3 to organic carbon rain ratio.
Regions north of the APF that are silicon limited. Low latitudes influenced by mixing of subantarctic mode water into the thermocline.
Shift from calcite-to silicate-producing plankton; increased export production; increased deep-ocean alkalinity (whole-ocean increase in carbonate preservation; increased carbonate-ion content).
(5, 32)
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www.sciencemag.org SCIENCE VOL 308 1 APRIL 2005 region of the modern-day APF, although the full increase was not realized until the LGM. Figure 2 shows that export production decreased at the beginning of the glaciation ( Fig. 2A , stage 5a-d minus late Holocene) and increased subsequently (Fig. 2B, LGM minus stage 5a-d). Thus, the 50-ppm drawdown that had occurred by stage 5a-d cannot be explained by increased export production resulting from increased nutrient content or changes in the C/N/P ratio. Increased export production during the LGM is synchronous with the observed maximum in dust concentration, thus lending support to the hypothesis of iron fertilization during glaciations. It is possible that iron fertilization could explain the last 30 to 50 ppm of atmospheric CO 2 drawdown during the glacial period. This is consistent with the observation that when an oceanbiogeochemistry model is forced to reproduce the observed LGM export-production patterns, there is only a slight increase in global export production (þ6% or þ0.7 PgC/year) (14) . In this experiment and in other simulations, iron fertilization accounts for G40-ppm decrease in atmospheric CO 2 (3, 14, 25) .
Increased surface-water nutrient and carbon utilization through the biological pump could also explain atmospheric CO 2 drawdown. This process could be particularly important in the Southern Ocean because of the large inventory of unused surface nutrients and the strong connection between surface waters and CO 2 -rich deep waters. Increased nutrient utilization would occur if decreased vertical mixing south of the APF reduced the supply of nutrients and CO 2 to surface waters (1, 8, 26) . Increased nutrient utilization south of the modern-day APF at the LGM compared with the late Holocene would bring about higher nitrate uptake, resulting in increased 15 N of organic material in surface waters (8); lower surfacewater phosphate concentrations, causing lower Cd/Ca ratios in planktonic foraminifera (27) ; higher surface-water silica uptake, resulting in increased d 30 Si (28); and lower surface-water CO 2 concentrations, resulting in a relative increase in d 13 C of organic material (29) .
LGM records from south of the modern-day APF ( fig. S2) (30) , so it is possible that future d 15 N data will prove more consistent with other nutrient indicators. Although we recognize that all of these paleonutrient indicators are affected by environmental factors that complicate their interpretation (31), the balance of evidence does not support the view that nutrient utilization accounted for a substantial part of the atmospheric CO 2 drawdown south of the modern-day APF.
The final explanation for changes in the marine biological pump invokes a shift in the dominant plankton types that would have decreased the export of carbonate relative to organic carbon (the rain ratio), resulting in an increase in the carbonate-ion content of seawater and thereby drawing down atmospheric CO 2 (7) . Decreasing the relative export
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1 APRIL 2005 VOL 308 SCIENCE www.sciencemag.org of calcium carbonate to the seafloor could occur as a result of a global shift from primarily carbonate-producing plankton to siliceous (or other noncarbonate-producing) plankton. A mechanism that both decreases the rain ratio and reconciles the d 15 N and d 30 Si records in the Southern Ocean has recently been proposed (5, 32), based on observations that diatoms take up substantially less silicic acid relative to nitrate under high-iron conditions (32, 33) . The Bsilica-leakage[ hypothesis suggests that increased deposition of iron-rich dust during the last glacial period could account for high nitrate utilization while still leaving a pool of unused silicic acid in the Southern Ocean. This excess silicic acid could have been transported to the subantarctic and then to low-latitude thermocline waters by subantarctic mode waters. This would alleviate silicon limitation in both the subantarctic and the low-latitude HNLC regions (Fig. 1) , thereby increasing diatom production at the expense of coccolithophorids.
The silica-leakage hypothesis would be registered as a shift from carbonate-producing to silicon-bearing plankton in marine sediments. Furthermore, the silica-leakage hypothesis constrains the timing and impact of this plankton shift to be coincident with increases in dust supply, and it would manifest itself as higher export production south of the APF. However, we have demonstrated that dust supply as well as export production in the Southern Ocean south of the APF were low during stage 5a-d compared with both the LGM and the late Holocene. Thus, the silicaleakage hypothesis as described above cannot be invoked to explain the initial 50-ppm decrease in atmospheric CO 2 .
Records measuring specific molecular biomarkers demonstrate a shift from coccolithophorid to diatom assemblages in the Tasman Sea (34, 35) and demonstrate that the contribution of coccolithophorids to the total flux of organic carbon in the South Atlantic (36), off northwest Africa (37, 38) , and in the Arabian Sea (39) was less important at the LGM than it is today. However, the decrease in the contribution of coccolithophorids occurs at the peak glacial period, well after stage 5a-d. Therefore, although the number of records is limited and more data are needed, especially from HNLC regions where silicon is limiting (in the Pacific Basin, Fig. 1 ), existing results are consistent with the hypothesis that a shift in phytoplankton taxa may have contributed to the lowering of atmospheric CO 2 from stage 5a-d to the LGM but not to the initial lowering of atmospheric CO 2 from stage 5e to stage 5d.
Both the rain-ratio hypothesis and the silicaleakage hypothesis also predict increases in the overall carbonate-ion content of deepwater, as well as a global increase in carbonate preservation in marine sediments Esee (1) for review^. Although benthic foraminiferal boron isotope measurements of deepwater pH imply that carbonate-ion concentrations were 100 mmol/kg higher at the LGM compared with today (40) , several other measures suggest very different conditions: (i) reconstructions of carbonate burial rates suggest little or no deepening of the lysocline required by an increase in carbonate-ion concentration (41), (ii) increases in foraminiferal size imply that carbonate-ion concentrations were only 4 to 8 mmol/kg higher (42) , and (iii) foraminiferal assemblage dissolution indices estimate that carbonate-ion concentrations were a maximum of 5 mmol/kg higher in the Pacific and 20 mmol/kg lower in the Atlantic (43) . Three of these four indicators suggest only a small change in deepwater carbonate-ion concentration. Thus, the evidence suggests that the expected change in deep-sea carbonate-ion concentration predicted by any form of the rain-ratio hypothesis is not observed.
We recognize limitations that could affect our conclusions. First, data coverage is poor in some regions, and nutrient utilization may occur in places other than the Southern Ocean. Figure 1 highlights key oceanic regions that remain relatively understudied with respect to the glacial-interglacial carbon cycle, and Fig.  2 demonstrates key regions where data do not agree. Second, vertical fluxes of biogenic components to the deep sea can be affected by other factors, such as sediment redistribution. Although we have corrected for these factors wherever possible ( 230 Th normalization was used in 77 out of 258 cores), further analyses may be needed to confirm our conclusions. Third, further research is required to improve our quantification of glacial-interglacial changes in deepwater carbonate-ion concentrations and carbonate burial. Finally, there may be interactions between physical and biological processes (such as the extent of vertical mixing and the impacts of interactive sea ice on polar biology) that might lead to a synergistic enhancement of the impact of ocean physics and biology on atmospheric CO 2 drawdown. Despite these potential limitations, our analysis shows that export production was low during stage 5a-d and increased afterward to reach its maximum at the LGM. Thus, we conclude that observational evidence does not support the idea that large-scale changes in the marine biological pump was the dominant influence on atmospheric CO 2 changes during glaciations.
Alternative hypotheses that can explain the initial 50-ppm decrease in atmospheric CO 2 without conflicting with biological data reconstructions include increased stratification of the glacial ocean (1, 44) , reduced ventilation of CO 2 -rich deepwater resulting from increased sea-ice cover (45) , and changes in the location and mechanisms of deepwater formation that alter deepwater composition (46) . The first two mechanisms require that actual vertical mixing in the ocean be much smaller than the effective vertical mixing currently observed in global ocean circulation models (47, 48) ; the third mechanism requires that ocean circulation models have stronger air-sea CO 2 equilibration in deepwater formation regions of the Southern Ocean than they do currently (49) .
Current ocean general circulation models are unable to reproduce the observed variations in atmospheric CO 2 with the use of physical mechanisms alone; this is why the marine biological pump is often invoked as a probable mechanism to lower atmospheric CO 2 . Our data analysis suggests that ocean biology contributed less than half of the observed glacial-interglacial variations in atmospheric CO 2 and therefore that physical processes must be responsible for most of the oceanic uptake of atmospheric CO 2 during glaciations. Our analysis thus suggests that ocean models should be more sensitive to changes in climate than they are currently, a conclusion supported by their inability to reproduce observed decadal variations in oceanic heat (50) and oxygen content (50, 51) .
